INTRODUCTION {#sec1-1}
============

Longevity of a restoration is predicted to some extent by its adhesive ability, and this in turn can be measured by bond strength testing. Over the years, clinicians have relied upon laboratory evaluations to choose the adhesive systems to use in their daily practice. Though the validity of bond strength tests to predict clinical performance of dental adhesives is questionable,\[[@ref1]\] existing evidence shows that clinical performance can be predicted by appropriate types of laboratory study results.\[[@ref2][@ref3]\] The realization of an acceptable and valid test method for assessing adhesive resin-tooth interface is a difficult endeavor.\[[@ref4]\] Hence the purpose of this two parts review is to critically discuss the reliability of various bond strength test methods used to test the adhesion between tooth and composite resin. In the first part macro-tests and in the second part micro-test methods are analyzed critically.

TYPES OF BOND STRENGTH TESTS {#sec1-2}
============================

An ideal bond strength test should be accurate, clinically reliable, and less technique-sensitive. It should involve the use of relatively unsophisticated and inexpensive test protocols.\[[@ref5]\]

Oilo\[[@ref6]\] classified them into qualitative screening tests and quantitative tests. Qualitative tests study bond failures, and quantitative tests predict the load capacity and lifetime of the bond.\[[@ref6]\] Bond strength can be assessed by laboratory methods and clinical performance. It can be measured statically using a macro- or micro-test set-up, basically depending upon the size of the bond area.\[[@ref5]\] The nominal bond strength is calculated by dividing the maximum applied force by the bonded cross-sectional area.\[[@ref7]\]

International Standards Organization (ISO) Technical Specification No. 11405 provides guidance on substrate selection, storage, and handling as well as essential characteristics of different test methods for quality testing of the adhesive bond between restorative materials and tooth structure. It also presents some specific test methods for bond strength measurements.\[[@ref8]\]

LABORATORY TESTS {#sec1-3}
================

Clinical trials are the ultimate tests for evaluating dental restorations; however, they cannot identify the exact reason for failure due to the simultaneous impact of diverse stresses on restorations within the aggressive oral cavity.\[[@ref2]\] Laboratory tests gather data quickly and easily on a specific parameter/property. It is possible to measure one specific parameter while keeping all other variables constant. Various experimental groups can be tested simultaneously within one study set-up. The final objective of a laboratory test should obviously be to gather data in prediction of the eventual clinical outcome.\[[@ref5]\] It is very likely that there will never be a single laboratory test or an assortment of tests that will accurately predict the clinical performance of a specific material.\[[@ref9]\] These laboratory bond strength tests can be static or dynamic tests.\[[@ref10]\]

Static tests {#sec2-1}
------------

In static tests, load is applied when the test specimen is stationery unlike dynamic tests where the specimen is in dynamic state. Static tests are categorized into macro-tests where the bond area is \>3 mm^2^ and micro-tests with \<3 mm^2^ bond area.\[[@ref5]\]

### Macro-test methods {#sec3-1}

The macro-bond strength can be measured in shear, tensile, or using a push-out protocol.\[[@ref11]\] Though macro-tests are known for their simplicity, they have their inherent shortcomings.\[[@ref12]\] Micro-bond strength test methods, with bond area less than 3 mm^2^ will be discussed in the second part of this review.

### Macro-shear (SBS) test {#sec3-2}

In a shear bond test, two materials are connected via an adhesive agent and loaded in shear until fracture occurs. It was the most widely used test\[[@ref13]\] as no further specimen processing was required after the bonding procedure.\[[@ref5]\] The pull-out test is a type of shear bond test that can be used to test the retentive ability of endodontic posts.\[[@ref14]\]

A meta-analysis of factors involved in bond strength testing revealed the significant influence of various parameters like those related to the dentin substrate, composite, and bonding area,\[[@ref15]\] storage conditions of the bond assemblies, and test design.\[[@ref16]\] Another source of variability is the different configurations employed to apply the shear force, including wire loops, points, and knife edges.\[[@ref17]\] The most frequently ignored guideline in the test protocol following the ISO/TS 11405 specification (2003)\[[@ref8]\] was that "a limitation of the bonding area is important."

### Macro-tensile (TBS) test {#sec3-3}

In a tensile bond test, load will be exerted on either sides of the test specimen. The specimen can be held by active or passive gripping methods. Active gripping method involves mechanical fastening of specimen to gripping device, such as glue or clamps, whereas in passive gripping method, specimen is placed in a testing device without the aid of glue or mechanical gripping.\[[@ref18]\] In the tensile test, stresses are far more homogeneous across the interface than in shear and, therefore, maximum principal stress values are much closer to the nominal strength.\[[@ref12][@ref19]\] It can be used to measure, for instance, the bond strength of cements to hard materials such as ceramics and metal alloys.\[[@ref5]\]

### Push-out (PO) test {#sec3-4}

In this method, load is applied through a plunger mounted in the universal testing machine. The plunger must provide near complete coverage of the testing material without touching the root canal wall.\[[@ref20]\] This method is useful to test adhesion of root canal sealers\[[@ref21]\] and retention of posts luted in root canals.\[[@ref22]\]

A finite element analysis\[[@ref23]\] recommended that 1. Pin diameter should be 0.85 times smaller than the filler diameter but it should not be so small as to puncture the filler material; 2. Push-out bond strength formula (F = 2πrT)\[[@ref21]\] is only suitable for a specimen thickness larger than 0.6 times the filler, where F = failure load, *P* = girth quotient, r = radius of the filling material, T = thickness of the specimen; 3. When the elastic modulus of the filler (E~f~) is smaller than that of dentin (E~d~), the modified formula for the push-out bond strength test is (F = 2πrT) √E~d~ /E~f~, otherwise the formula is (F = 2πrT) √E~f~ /E~d~, where E~d~ = Elastic modulus of dentin and E~f~ = Elastic modulus of filler.

Dynamic tests {#sec2-2}
-------------

Under clinical circumstances, the adhesive interface of a restoration is hardly submitted to acute tensile stresses. It is rather exposed to cyclic, sub-critical loadings produced during chewing.\[[@ref24]\] It is necessary to supplement static bond-strength data with dynamic fatigue data in better simulation of clinical functioning.\[[@ref25]\] Different fatigue protocols were used like Macro/Micro shear fatigue test,\[[@ref25][@ref26]\] Macro/Micro push-out fatigue test,\[[@ref27]\] Micro-tensile fatigue test,\[[@ref10]\] Micro-rotary fatigue test\[[@ref28]\] Micro-4-point-bend fatigue test.\[[@ref29]\]

There are two approaches to determine fatigue: Fatigue limit by stair case approach and fatigue life approach.\[[@ref30]\] When a comparison was made between these two approaches, it was found that shear bond strength was not a good indicator for the fatigue behavior of the bonds.\[[@ref31]\] Unfortunately, despite an alleged need, no standard for fatigue testing of adhesives today exists.\[[@ref32]\]

VARIABLES INFLUENCING MACRO-BOND STRENGTH TEST RESULTS {#sec1-4}
======================================================

Variables related to the clinical situation and the substrate treatment {#sec2-3}
-----------------------------------------------------------------------

Many factors influence bond strength test results \[[Figure 1](#F1){ref-type="fig"}\].
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### Substrate related factors {#sec3-5}

Many variables related to substrate (enamel/dentin) and their treatments affect the bond strength. Unfortunately all these factors cannot be easily controlled.\[[@ref16]\]

### Source of teeth {#sec3-6}

Due to the inadequate availability of human teeth, animal teeth were used in many *in vitro* studies.\[[@ref33][@ref34][@ref35][@ref36][@ref37]\] Bovine enamel and dentin give bond strength values similar to that of human permanent teeth.\[[@ref34][@ref35]\]

Conversely, some studies reported high shear and tensile bond strength in human enamel compared to bovine enamel.\[[@ref36]\] Push-out bond strength was also significantly higher in human root dentin compared to bovine root dentin.\[[@ref37]\]

Inconsistent recommendations were proposed regarding the use of bovine substrate as an alternative to human substrate in bonding/adhesive strength studies.\[[@ref38]\] If bovine teeth are used, superficial layers of dentin have to be used as dentinal tubules are larger than human dentinal tubules.\[[@ref39]\] Porcine teeth could also be potential substitutes for *in vitro* tooth adhesion investigations.\[[@ref40]\] It must be remembered that for better accuracy of the bond strength tests human teeth are preferred.

### Type of teeth {#sec3-7}

Various types of teeth were used to study bond strengths, and the results of enamel SBS were significantly varied with both tooth type and adhesive system.\[[@ref41][@ref42]\] In a study reported, high shear bond strengths were observed in canines when compared to that of molars.\[[@ref43]\]

In some studies, there were significant differences between the bond strength values of teeth in the upper and lower arches.\[[@ref44]\] To obtain reliable results in enamel bond strength studies, the same tooth type from the upper or lower arches should be used.

### Dentin depth and permeability {#sec3-8}

Dentin permeability increases almost logarithmically with cavity depth.\[[@ref45]\] In majority of studies, lower shear bond strengths were reported with increased dentin depth and permeability,\[[@ref43][@ref46]\] and this permeability is less when smear layer was retained. As bonding systems became more hydrophilic, the sensitivity of shear bond strengths to dentin depth was not significant.\[[@ref47]\]

A relationship was established between percentage area of solid dentin available for bonding and the shear bond strength acquired. The percentage area of solid dentin available for bonding was expressed as the difference between the total area of dentin and the percentage area of exposed dentinal tubules.\[[@ref48]\]

Contrary to shear bond strengths, no differences were observed in tensile bond strengths of newer adhesives.\[[@ref49][@ref50]\] Studies with different percentage areas of solid dentin available for bonding are more reliable than studies at different dentin depths.

### Smear layer {#sec3-9}

Contradictory studies were reported by researchers regarding the effect of smear layer.\[[@ref51][@ref52]\] Significant differences in bond strengths were reported at different dentin depths but not if the smear layer was left undisturbed.\[[@ref53]\] Quality of smear layer (density rather than thickness) can affect the bond strengths to dentin.\[[@ref51]\] Since either removal or modification of smear layer is a justified protocol in dentistry, the need of bond strength studies performed with intact smear layer is questionable.

### Enamel prisms and dentinal tubule orientation {#sec3-10}

Due to its prismatic morphology, enamel exhibits anisotropic mechanical properties. Composite resin restorations will have a longer life span if the enamel walls are given marginal forms to produce transverse sections of enamel prisms rather than longitudinal sections.\[[@ref54]\] Midcoronal dentin had similar shear strengths in the two orientations whereas they were different in central and cusp areas. This was due to different dentinal tubule orientation.\[[@ref55]\] Hence, while comparing adhesives, orientation of enamel prisms and dentinal tubules must be considered.

### Substrate location {#sec3-11}

Very few macro-test studies were reported regarding effect of regional variables (occlusal/buccal dentin) on dentin bonding. High shear bond strengths to occlusal dentin were observed than buccal dentin\[[@ref56]\] whereas tensile bond strengths were 20-30% higher for buccal dentin.\[[@ref57]\] Thus, substrate location has to be specified while studying bond strength.

### Pulpal pressure {#sec3-12}

The simulation of *in vivo* conditions may be refined by applying hydrostatic intrapulpal pressure to the pulp chamber of extracted teeth during adhesive application.\[[@ref58]\] To simulate dentinal liquor, distilled water or saline have often been used.\[[@ref59][@ref60][@ref61]\] Studies showed varied results\[[@ref59][@ref60][@ref61][@ref62]\] as the effect of hydrostatic intrapulpal pressure on shear bond strength depends on the type of bonding system employed.\[[@ref61]\]

### Tooth donor age {#sec3-13}

In older teeth, as a result of the reduction in tubule diameter, there is also a decrease in dentin permeability.\[[@ref63]\] Though mechanical properties of aged dentin vary from those of younger dentin,\[[@ref64]\] similar tensile bond strengths were observed.\[[@ref49][@ref65]\] More studies are needed to draw any conclusion.

### Storage conditions and time {#sec3-14}

Distilled water, saline, 0.05% saturated solution of thymol, 0.5% chloramine-T, 2% gluteraldehyde, and 10% formalin solutions were studied as storage media for bond strength tests.\[[@ref11][@ref66]\] Storage in sodium hypochlorite (NaOCl) resulted in lower bond strengths, while sterilization with the autoclave negatively affected the bond strength. Storage in 10% formalin resulted in varied bond strengths.\[[@ref67][@ref68]\] Camps *et al*.\[[@ref69]\] recommended cryopreservation up to 12 weeks or short-term refrigeration not more than two days. According to the ISO technical specification 11405, bond strengths should be measured immediately post-extraction but not more than six months.\[[@ref8]\]

Variables related to test specimen properties {#sec2-4}
---------------------------------------------

### Bonding area {#sec3-15}

Very few studies evaluated the influence of area on "macro-bond" strengths. Sano *et al*. reported that for specimens with rectangular bonding areas between 0.25-11.65 mm^2^, tensile bond strength to dentin was shown to decrease as bonding area increased, following a logarithmic function.\[[@ref70]\] A similar trend was noticed in shear bond strengths where smaller surface areas had significantly higher values when compared with those of larger areas.\[[@ref71]\]

The ISO/TR 11405 does not identify a specific value for bond area but it mentions a clear delimitation of the bonding area as an important requirement and shows a diagram of a split mould with a 3-mm diameter hole.\[[@ref8]\] It is recommended that the diameter of the bonded surface must be taken into consideration while comparing bond strengths.

### Elastic modulus of the resin composite {#sec3-16}

The use of stiffer composites may significantly increase bond strength values. There was a weak but statistically significant correlation between dentin bond strength and composite flexural properties.\[[@ref19][@ref72][@ref73]\] Hence, while testing bond strength of an adhesive, it is recommended to select a composite resin with a comparable elastic modulus.

Variables related to specimen preparation for bond strength testing {#sec2-5}
-------------------------------------------------------------------

Several researchers have attempted to age the composite substrate in order to mimic the situation of bonding new composite to old composite in the oral cavity.\[[@ref50][@ref74]\]

### Aging media and time {#sec3-17}

The most common storage type for test pieces is water for various time intervals up to three months. This may be at room temperature or simulated mouth temperature. Artificial saliva and sodium hypochlorite were also used for ageing of the samples. Aging did not have any effect on the tensile bond strength of composite to dentin,\[[@ref50]\] while six months of aging in water decreased shear bond strength.\[[@ref74]\]

### Thermal cycling {#sec3-18}

Thermal cycling has been used as a technique to simulate clinical conditions. Mair found that oral temperature changes between −4°C-0°C when eating ice cream and 60°C-65°C when eating a hot cheese sandwich.\[[@ref75]\] Majority of studies showed that thermocycling significantly reduced the shear bond strengths of dentin.\[[@ref74][@ref76][@ref77]\] Miyazaki *et al*. found decrease in the mean enamel bond strength after thermocycling, while dentin bond strengths significantly decreased after 30,000 thermal cycles.\[[@ref78][@ref79]\]

Thermal changes in teeth have also been modeled by the finite element approach.\[[@ref80]\] As most of the time restorations are subjected to a very small temperature variation, thermal cycling may not have a significant effect but it can lead to spontaneous debonding of specimens.\[[@ref81]\] A short thermal cycling regimen of 500 cycles is recommended by the ISO TR 11450 standard (2003).\[[@ref8]\]

### Mechanical cycling {#sec3-19}

The amount of load exerted while chewing and swallowing varies between 70-150 N,\[[@ref82]\] and cyclic compression is the most common stress that was active in the mouth.\[[@ref83]\] Majority of *in vitro* studies used monotonic tests such as tensile, compression, shear, or flexural strength to study the properties of a material.\[[@ref84]\] As these tests cannot simulate cumulative damage (fatigue) that occurs in the mouth, studies with fatigue tests are recommended for better clinical relevance.\[[@ref75]\]

A metallic plunger attached to a cyclic loading machine is placed in contact with the restoration, and a fixed amount of cyclic axial load is delivered at frequency of 2-3 cycles/s.\[[@ref85]\] Load application of 500,000 cycles is equivalent to six months and 1,000,000 cycles is equivalent to one year of *in vivo* mastication.\[[@ref86]\] A reduction in shear bond strength was observed when 100 N load and 500,000 cycles were applied.\[[@ref85]\]

### Operator skill and technique sensitivity {#sec3-20}

Operator skill\[[@ref87][@ref88]\] and technique sensitivity\[[@ref89][@ref90]\] influenced the dentin bond strengths. Hence, it is recommended to involve different operators with uniform basic training in each series of experiments.

Variables of influence related to test mechanics {#sec2-6}
------------------------------------------------

### Specimen size {#sec3-21}

Size of specimen affects the size of bond area, which was discussed in the section bonding area.

### Type of loading {#sec3-22}

The choice of testing assembly has great influence on stress distribution. The use of a knife-edge chisel causes severe stress concentration at the load application area than wire loop\[[@ref12][@ref17]\] and stainless steel tape allowed more uniform stress distribution at the bond interface.\[[@ref91]\]

The distance between the point of load application and the bonded interface in shear tests also affects stress distribution.\[[@ref92]\] In an attempt to standardize the test protocol, specific jigs have been prepared, such as Ultradent jig and SDI rig.\[[@ref5]\]

In a push-out bond test, punch diameter may affect the bond strength. No effect was observed when the diameter was 90% of the canal diameter but bond strength was lower when the punch diameter was 50-60% of the canal size.\[[@ref93]\]

### Cross head speed {#sec3-23}

Conflicting findings were published on the influence of crosshead speed on dentin bond strengths. Different cross-head speeds may influence the shear bond strength and the fracture pattern in dentin substrate.\[[@ref94][@ref95]\] Shear bond strength using crosshead speeds of 0.50 mm/min and 0.75 mm/min should be preferred due to their better cohesive versus adhesive results.\[[@ref96]\] A similar contradiction was observed with two studies that evaluated the effect of crosshead speed on tensile bond strength.\[[@ref50][@ref97]\]

GUIDE LINES {#sec1-5}
===========

Present day data reporting high dentin bond strengths by not utilizing standardized protocol may mislead the scientific community. The following would improve the validity of dental adhesive evaluations:

A universal sample size needs to be established for future tensile bond strength studies.Existing variables that are standardized by the International Organization for Standardization should be adhered to by researchers.Products should undergo a combination of testing.Improvement in standardization of study variables should be combined with standardized data from gap measurement tests, microleakage tests, and the clinical usage tests for a better clinical correlation.\[[@ref98]\]

CONCLUSION {#sec1-6}
==========

Researchers should make every effort to design a more standardized test methodology while evaluating bond strength test. Data to be included while reporting a study are type of test, tooth notation, source of teeth, type of substrate, depth and location of substrate, direction of enamel rods and dentinal tubules, existence of pulpal pressure, status of smear layer, storage medium and time of extracted teeth, film thickness of the adhesive, dimensions of area of contact, mechanical properties of composite, aging protocol, thermal cycling regime, type and rate of load application, cross head speed, and type of failure. Despite their inherent shortcomings, macro-bond strength tests may continue to be used for evaluating the adhesion of dental materials to tooth structure due to their simplicity.
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